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Abstract
Using in situ hybridisation, we identified interstitial telomeric sequences in seven chromosomal translocations present in normal and in syndromic subjects. Telomeric sequences were also found at the centromeric ends of a 4p and a 4q caused by centric fission of one chromosome 4. We found that rearrangements leading to interstitial telomeric sequences were of three types: (1) termino-terminal rearrangements with fusion of the telomeres of two chromosomes, of which we report one case; (2) rearrangements in which an acentric fragment of one chromosome fuses to the telomere of another chromosome. We describe four cases of Prader-Willi syndrome with the 15ql-qter transposed to the telomeric repeats of different recipient chromosomes; (3) telomere-centromere rearrangements in which telomeric sequences of one chromosome fuse with the centromere of another chromosome. We describe two examples of these rearrangements in which not only telomeric sequences but also remnants of alphoid sequences were found at the fusion point.
Instability at the fusion point of the derivative chromosome was found in the Prader-Willi translocations but we were unable to correlate this instability with culture conditions. The two subjects with the termino-terminal rearrangement and the centric fission respectively have normal phenotypes. The two patients with telomere-centromere fusions were unbalanced for the short arm of an acrocentric chromosome and had failure to thrive; one of them also had dysmorphic facies. We postulate that these phenotypes could be the result of uniparental disomy. ( In situ hybridisation was performed in all cases with the biotinylated telomeric sequences (TTAGGG)n (P5097-B.5, ONCOR). Hybridisation and posthybridisation washes were performed according to the manufacturer's instructions. Detection was done with the ONCOR detection kit with three amplification steps. Chromosomes were counterstained with propidium iodide (1 ig/ml) and banded with DAPI (0 5 gig/ml). In some cases (cases 6 to 8) in situ hybridisation was also performed with the alphoid probe p82H to test for the presence of alphoid sequences at the breakpoint of the rearrangements. p82H is specific for chromosome 1416 so hybridisation and posthybridisation washes were performed in conditions that allowed all alphoid sequences to be detected (hybridisation 37°C in 50% formamide/2 x SSC, posthybridisation washes 30% formamide/2 x SSC). In cases 6 and 7 p82H was labelled by nick translation with biotin-16-dUTP. Detection was as for the telomeric probe. In case 8, p82H was labelled by nick translation with digoxigenin-1 1-dUTP; detection was with the digoxigenin detection kit according to the manufacturer's instructions (Boehringer Mannheim).
In each case a minimum of 20 metaphases were analysed in each hybridisation experiment.
Results
The results of chromosome analyses are given in table 1 . C banding, performed in all cases, showed the presence of a second, inactive centromere only in case 1 in which the chromosome 22 centromere was consistently inactive. No remnant of C banding was detected at the fusion point of the rearrangements of cases 6 and 7 although in both cases the chromosome portion transposed to the telomere of the recipient chromosome was broken at the centromere. In case 8 both the centromeres of 4p and 4q were C positive.
Results of chromosome fragility studies at the fusion point of the rearrangements from cases 1 to 7 are given in table 2. In case 5, the fusion point of the der (9) ( fig 1C) in nearly all the cells, and for this reason it was not considered among the fragile sites in table 2. The size of the gap excluded its origin by fusion of the two G negative bands 9q34 and 15q11.1 ( fig 1C) . In this case, in a single cell from the aphidicolin treated cultures, we also found a der(6) instead of the der(9) and this was entered in table 2 as a fragile site. Conversely, in case 3, mitoses with the der(X) instead of the der (18) were not entered in table 2 since they were considered constitutional as they were also found in fibroblasts. 8 FISH analysis showed that all the rearrangements from cases 1 to 7 contained telomeric sequences at the fusion point (figs 2, 3, 4). In case 8 telomeric sequences were also found at the centromeric ends of 4p and 4q ( fig 5) . In cases 6 and 7, FISH analysis with p82h showed hybridisation signals at the fusion point of both the der(2) and the der(5). However, these signals were much smaller ( fig  4) than those found at the primary constrictions of the other chromosomes, and in case 7 they were detectable in only four of 20 metaphases. Conversely in case 8 hybridisation signals with p82H at 4p and 4q were very evident.
Discussion TYPES OF REARRANGEMENTS LEADING TO INTERSTITIAL TELOMERIC SEQUENCES OR CENTRIC FISSION
Rearrangements leading to an interstitial location of telomeric sequences are of two types: those involving two telomeres and those involving one telomeric and one non-telomeric site. Our case 1 is an example of a termino-terminal rearrangement involving the telomeres of two chromosomes. This type of rearrangement is very unusual among constitutional chromosome abnormalities and we were unable to find a similar published case. However, the fact that the human chromosome 2 derives from the telomeric fusion of two ancestral primate chromosomes3 and the finding of telomeric interstitial sites of hybridisation in some chromosome pairs of certain vertebrates245 indicates that this type of rearrangement had a role in the process of karyotype evolution. In addition, telomeric fusions are observed with high frequency as non-clonal abnormalities in some tumours'7 and in cultured lymphocytes of patients with ataxia telangiectasia and related syndromes. ' The rearrangements found in cases 6 and 7 are also instances of fusion between telomeric and non-telomeric sequences but in these cases the non-telomeric sequences are part of the centromere as indicated by the finding of remnants of alphoid sequences at the fusion point of both the der(2) and the der(5). In case 7 we are confident that the breakpoint of chromosome 13 is at the centromere, since its reciprocal product is an i(l3p). In case 6, a 2;22 translocation, the absence of an i(22p) does not exclude a breakpoint in the chromosome 22 short arm, but the presence at the fusion point of the der(2) of a very small domain of alphoid DNA and its banding pattern do indeed suggest that it derives from telomere-centromere fusion. The existence of this type of rearrangement, that is, breakage of the centromere of one chromosome, transposition of one of its arm to the telomere of another chromosome, and duplication of the other arm to form an isochromosome, was postulated by Aurias and Dutrillaux,23 who reviewed several cases in which this rearrangement could have happened. Our finding that alphoid and telomere sequences were both present at the fusion point does not in itself indicate that telomere sequences actually stick to the alphoid ones, since centromeres contain several classes of repetitive DNA. 24 In case 8 a fission of chromosome 4 is present and is found in other members of the family.12 As was the case with chromosome 13 in case 7, in situ hybridisation showed that alphoid sequences were present at both of the broken ends of chromosome 4. In this case the two portions of chromosome 4 are stable and, unlike those of chromosome 13 in case 7, are neither prone to stick to telomeres of other chromosomes nor to form an isochromosome. The reason for this stability is the presence of telomere sequences at each of the two broken ends. It is not obvious why chromosomes broken at the centromere can alternatively generate a new telomere, stick to telomeres of other chromosomes, or form an isochromo- 
